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INTRODUCTION 
Many single crystal semiconductors are grown by variants of the Bridgman technique 
in which a cylindrical ampoule containing a molten semiconductor is translated through a 
thermal gradient, resulting in directional solidification and the growth of a single crystal. 
During crystal growth, the shape and location of the solid-liquid interface together with the 
local temperature gradient control the mechanism of solidification (i.e. planar, cellular or 
dendritic ), the likelihood of secondary grain nucleationltwin formation (i.e. loss of single 
crystallinity), solute (dopant) segregation, dislocation generation, etc. and thus determine 
the crystals' quality [1]. For crystals grown by the vertical Bridgman (VB) technique, opti-
mum properties are obtained with a low ( -1-Smm/hr) constant solidification velocity and a 
planar or near planar (slightly convex towards liquid) interface shape maintained throughout 
growth [2,3]. The solidification rate and the interface shape are both sensitive functions of 
the internal temperature gradient (both axial and radial) during solidification, which is gov-
erned by the heat flux distribution incident upon the ampoule, the latent heat release at the 
interface, and heat transport (by a combination of conduction, buoyancy surface tension 
driven convection and radiation) within the ampoule [4,5]. The solid-liquid interface's 
instantaneous location, velocity and shape during crystal growth are therefore difficult to 
predict and to control, especially for those semiconductor materials with low thermal con-
ductivity (i.e. CdZnTe alloys) [6]. Thus the development ofultrasonic technologies to non-
invasively sense the interface location and shape throughout VB crystal growth processes 
has become a key step in developing a better understanding of the growth process and for 
enabling eventual sensor-based manufacturing. 
Here, we experimentally explore the use of a Iaser ultrasonic sensor concept for moni-
torlog the solid-liquid interface location and shape. A combination of ray path analysis and 
testing of a model (isotropic) system (where interface geometries are precisely known) were 
used to evaluate sensing and interface reconstruction approaches. While semiconductor 
crystals are elastically anisotropic, modeling has suggested that strategies that work on iso-
tropic systems can be readily extrapolated to anisotropic ones, provided point sources and 
receivers are used, and an anisotropic generalization of Snell's law is incorporated in the ray 
tracing [7]. 
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MODEL SYSTEM 
The beneh-top model with known, solid-liquid velocities, consisted of water and solid 
PMMA contained in a cylindrical aluminum (2024-T6) "ampoule" because opaque 
ampoules such as pyrolitic boron nitride (PBN) are sometimes used during crystal growth. 
By machining the end of the PMMA, the interfacial curvature could be varied from convex, 
planar to concave (viewed toward the liquid). The interface convexities h (defined suchthat 
h > 0 corresponds to a convex interface) studied were h = ±2, ±5, ±10mm and planar (h = 
Omm), Figure 1. The water and PMMA bad a measured longitudinal wave velocity of 1.50 ± 
0.01 mm/J.Js and 2.67 ± 0.01mm/JJS at 21 °C, respectively. While the 2024-T6 Al alloy bad a 
measured longitudinal wave velocity of 6.35 ± 0.01mrniJJS and a shear wave velocity of 3.01 
± 0.01mm/JJS at 21 oe, 
LASER ULTRASONIC MEASUREMENTS 
The ultrasonic time-of-flight (TOF) between precisely located source and receiver 
points was measured using the Iaser ultrasonic system shown in Figure 2. A -IOns duration 
Q-switched Nd:YAG Iaser pulse of 1.064-J.Jm wavelength was used as the ultrasonic source. 
The energy perpulse was -15mJ and the roughly Gaussian beam of the multimode pulse 
was focused to an approximate circular spot 1mm in diameter. Thus, the source power den-
sity was -750MW/cm2. The low infrared absorption coefficient for the aluminum required 
the use of a constraining layer consisting of a glass slide and a propylene glycol couplant. 
The ultrasonic receiverwas a heterodyne Iaser interferometer, which responded to the sam-
ple's out-of-plane (normal) surface displacement associated with wavefront arrivals at the 
receiver point.lt was powered by a 1-W single mode argon ion Iaser (operated at 0.25W), 
which produced a continuous Gaussian beam of 514-nm wavelength focused to a circular 
spot on the sample -1 OOJ.lm in diameter. The signal from the interferometer was bandpass 
filtered between 1OkHz and 1 OMHz and recorded with a precision digital oscilloscope at a 
2ns sampling interval using 8-bit analog-to-digital conversion. To improve the signal to 
noise ratio, each waveform used for a TOF measurement was the average of -25 pulses col-
lected at a pulse repetition rate of 20Hz. A fast photodiode identified the origination time for 
the ultrasonic signals. 
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Figure 1. A schematic of the beneh-top model showing the solid-liquid interface and the 
velocity fields of the liquid and solid. (All dimensions in mm) 
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Figure 2. A schematic of the Iaser ultrasonic test facility used to evaluate sensor concepts. 
Eight ultrasonic TOF scans along a vertical diametral plane were conducted for each 
interface such that the receiverwas located in both the liquid (zr = 5, 10, 15, and 20mm) and 
solid (zr = -5, -10, -15, and -20mm) while the source was axially scanned from the liquid 
phase (z5 = 40mm) to the solid phase (z5 = -20mm), resulting in a fan beam projection array. 
Errors in measured sample sizes, imprecision in the translation stage alignment, temperature 
fluctuations, etc., resulted in an estimated TOF error of about ±lOOns. 
RAY PATH AND TIME-OF-FLIGHT PREDICTIONS 
Suppose an ultrasonic ray is incident upon an interface; both reflected and refracted 
rays propagate on the diametral plane (defined by the incident propagation vector and the 
normal to the interface at the intersection of the incident ray with the interface) [8]. One of 
the directions will result in a ray whose path usually reaches the receiver point. The time-of-
flight, 'tm, is the integral of the inverse velocity field (slowness) for a ray of path length, Lm, 
and is represented by 
f dl 
'tm = v(x)' m = I, 2, ... M (1) 
L.., 
where dl is an infinitesimal element of the path, 1/v(x) is the local slowness within the object 
and M is the number of different rays. 
If the coordinates of the source (x5,z8) and receiver (xpzr) points on the diametral plane 
are prescribed, then determining the ray path between these two points constitutes a bound-
ary-value problem. The solutions ofboundary-value problems like this are usually preceded 
by solutions of initial value problems[9] in which initial ray angles at the source point are 
prescribed and the ray paths are obtained by solving for the refraction angles at the interface. 
After obtaining the ray paths for an arbitrary set of initial ray angles emanating from the 
source point, the ray path between the prescribed source/receiver points can be obtained 
using the shooting method [10]. In this approach, an initial ray direction is first arbitrarily 
chosen, and the distance between the receiver point and the intersection of the ray path with 
the outer boundary calculated. The procedure is then repeated using a slightly different ini-
tial ray angle until the distance is smaller than a prescribed tolerance ö. Here 
Ö = 2.5x10-3 Rs was chosen, where R8 is the cylinder radius. 
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Calculated ray paths on a diametral plane for a convex interface (h = 5rnrn) are shown 
in Figures 3a and 3b for a source point located in the liquid (z5 = 15rnrn) and the solid (z5 =-
15rnrn), respectively. When the source point is located in the liquid, Figure 3a, ray paths in 
the liquid are straight and are only bent during propagation through the interface with the 
solid. Note that some of the rays are refracted at the firstliquid-solid interface travel through 
the solid and are again refracted at the second solid-liquid interface (doubly refracted rays) 
while others are only refracted once at the firstliquid-solid interface (singly refracted ray). 
In this case, doubly refracted rays and rays with straight paths may both reach the same 
boundary point. However, these two kinds of rays are experimentally distinguishable 
because the doubly refracted ray has a shorter travel time and would have suffered an energy 
loss due to reflection and mode conversion each time it crossed the interface. The case of a 
source located in the solid for a convex interface (h = 5rnrn) is shown in Figure 3b. Here the 
case is much simpler, ray paths are either straight (in the solid) or are refracted only once by 
the interface (singly refracted ray). 
Wavefronts separate ultrasonically disturbed regions from those that are undisturbed. 
Thus the TOF of an ultrasonic signal can in principle be measured at any receiver point on 
the sample's periphery that is intersected by a wavefront. The wavefronts at any time after 
source excitation can be obtained by connecting points along the ray paths with the same 
travel time. On the diametral plane the calculated longitudinal wavefronts at 1 011s intervals 
are also shown in Figures 3a and 3b. Ray paths and wavefronts for planar and concave inter-
faces (h ~ 0) were calculated, however they are not shown here. 
TIME-OF-FLIGHT PROJECTIONS 
Measured TOF projections for convex interfaces (h = 2, 5 and 10 rnrn) are shown in 
Figures 4a and 4b for a receiver point located in either the liquid (Zr= 15rnrn) or the solid (Zr 
= -15rnrn) respectively. For the experiments it was more conducive to fix the receiver point 
(zr) and scan the source point (z5). For the case where the receiver is located in the liquid, 
Figure 4a, and the source also in the liquid (z5 > 0) two wavefront arrivals corresponding to 
doubly refracted and non refracted rays were observed. From Figure 4a it is clear that for 
most sensor arrangements the TOF of doubly refracted rays is always smaller than those of 
non refracted (straight) rays and an energy loss was observed in the uhrasonie waveforrns 
acquired. 
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Figure 3. Ray paths and wavefronts on a diametral plane of a convex interface with h = 
5rnrn for a source located in (a) the liquid (z5 = 15rnrn) and (b) the solid (z5 = -15rnrn). 
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Therefore, these two arrivals were easily distinguishable. Now as the source was scanned 
into the solid (z8 < 0) only one wavefront arrival was observed, corresponding to singly 
refracted rays. Now consider the receiver located in the solid and the source in the liquid (z8 
> 0), Figure 4b, only one wavefront arrival was observed, corresponding to singly refracted 
rays. Again as the source was scanned into the solid (z8 < 0), only one wavefront arrival was 
observed, corresponding to non refracted (straight) rays. The measured TOF is in good 
agreement with that predicted by the refracted ray path models. 
From direct inspection of the TOF projection data for convex interfaces it is clear that 
the interface location (zi) can be easily identified by the abrupt change in ray propagation 
modes near the actual interface location (zi = 0). When the source was located in the liquid, 
there is a transition of doubly refracted and straight rays to singly refracted rays as the 
source was scanned from the liquid to the solid. Also the magnitude of the TOF traces of 
singly and doubly refracted rays decreased and there was a increase in the slope of doubly 
refracted rays as the interface convexity (h) increased. When the source was located in the 
solid, there was a transition of singly refracted rays to straight rays as the source was 
scanned from the liquid to the solid. Again the magnitude of the TOF traces of singly 
refracted rays decreased and slope increased as the interface convexity (h) increased. There-
fore, the convexity of convex interfaces can only be qualitatively deterrnined from direct 
observation of the TOF projection data, whereas the location (Zj) can be quantitatively eval-
uated. Similar results (not shown here) were observed with concave interfaces. 
INTERFACE CURVATURE RECONSTRUCTIONS 
In a crystal growth application, the location and curvature of the interface as weil as 
the velocities of the solid/liquid regions are all unknown and must be deterrnined from a set 
of TOF projection data. There are a variety of techniques available for reconstructing an 
object image from TOF projection data [11]. For crystal growth applications, approaches 
that can be used with sparce data and that exploits the often significant a priori information 
available are preferable. For example, direct inspection of the uhrasonie TOF projection 
data reveals that an interface does exist, experiments have shown that its shape can be 
approximated as a segment of a circle and for most situations, the gradient in temperature is 
small enough that the velocities are relatively uniform on either side of the interface. The 
use of a simple model of the solidification geometry with a small nurober of unknown 
parameters combined with the ray tracing analysis therefore enables the application of a 
least squares reconstruction approach. 
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Figure 4. Ultrasonic time-of-flight projection data for convex interfaces, h = 2, 5 and 
lOmm, for a receiver located in (a) the liquid (Zr= 15mm) and (b) the solid (Zr= -15mm). 
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We assume the model geometry is ofthe form shown in Figure 1, where h, zi, v1 and vs 
are all unknown. For the refracted ray path model, the TOF depends nonlinearly on the 
interface convexity (h), interface location (zi), liquid (v1) and solid (vs) velocities and the 
mean-square error is given by 
M 
r.,2 = L ['ti--fi(xi;h,zi,vl,vs)]2 
i =I 
(2) 
where 't; are the measured time-of-flights and -ti are the predicted time-of-flights for a 
model estimate of the interface. To reconstruct the model unknowns from the fan beam TOF 
projection data a Levenberg-Marquardt nonlinear Ieast-squares reconstruction method was 
used [12]. The nonlinear Ieast-squares algorithm returned the best-fit (i.e. reconstructed) 
parameters (h, Zj, YJ, Ys) by converging upon the interface that minirnized X,2. 
The reconstructed interface location (zi) and convexity (h) obtained using the nonlin-
ear Ieast-squares method for convex interfaces with the receiver located in the liquid were 
within ±0.95mm and ±0.94mm, respectively for all interfaces (h = 2, 5 and lümm) and 
receiver locations (zr = 5, 10, 15 and 20mm). Also, the reconstructed liquid (v1) and solid 
(v s) velocities, were within 8.9% (for the liquid) and 5.3% (for the solid) of the actual veloc-
ities. Now for the receiver located in the solid, the interface location (zi) and convexity (h) 
were within ±0.93mm and ±1.32mm, respectively for all interfaces (h = 2, 5 and lümm) and 
receiver locations (zr = -5, -10,-15 and -20mm). Again, the deduced liquid and solid veloci-
ties were within 4.9% (for the liquid) and 2.4% (for the solid) of the actual velocities. The 
reconstructed interfacial geometry of the convex interfaces for a receiver located in the liq-
uid a) Zr = 15mm and the solid b) zr = -15mm are shown in Figure 5a and b, respectively. 
Crystal growth models are now successfully able to predict the general form of the 
location-time behavior and the form of interfacial curvature, but they do not reliably give 
the exact values. Using the generalform ofthese solutions with free parameters (h, zi, v1, vs) 
together with the nonlinear Ieast-squares reconstruction routine appears to represent a robust 
approach for converging upon the correct interface model, and thus recovery of the interface 
geometry (i.e. solid-liquid interface location, convexity) and velocity fields from fan beam 
ultrasonic TOF data. Thus the approach promises to provide significant new information 
about the interface geometry to the crystal grower and may Iead to a more detailed under-
standing of the growth process. 
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Figure 5. Nonlinear Ieast-squares reconstructions for convex interfaces with the receiver 
Jocated in a) the liquid (Zr= 15mm) and b) the solid (Zr= -15mm). 
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CONCLUSIONS 
An experimental study of a potentiallaser ultrasonic sensor methodology for the sens-
ing the solid-liquid interface location and shape similar to those encountered during vertical 
Bridgman growth of CdZnTe and other semiconducting materials has been conducted. A 
combination of ray path analysis and beneh-top testing on a model isotropic solid-liquid 
interface with a prototype laser ultrasonic system was used to explore various sensing con-
cepts and reconstruction methods to determine the solid-liquid interface location, interfacial 
curvature and resultant velocity fields from fan-beam ultrasonic TOF projection data col-
lected on the diametral plane. From direct Observation of the TOF projection data the inter-
face location can be easily identified (by the discontinuity in ray propagation modes) 
whereas the convexity of an interface is only qualitatively determinable from the fan-beam 
TOF projection data. However, a nonlinear least-squares reconstruction routine robustly 
reconstructed the solid-liquid interface location, interface shape and local velocity fields for 
all interfaces and sensor arrangements. This ultrasonic approach sensor is relatively inex-
pensive, simple to use and appears to be relatively easily integrated into a VB growth fur-
nace. The sensor is likely to be non-invasive to the crystal growth process and promises to 
provide significant information about the interfacial geometry and growth characteristics of 
difficult to grow compounds such as CdZnTe. 
ACKOWLEDGEMENTS 
We are grateful to Brent Bollong and Art Sochia of Johnson Mattbey Electronics for 
helpful discussions concerning crystal growth. This work has been performed as part of the 
Infrared Materials Producibility Program (IRMP) managed by Duane Fleteher (JME) that 
includes Johnson Mattbey Electronics, Texas Instruments, II-VI lnc., Loral, the University 
of Minnesota and the University of Virginia. We are grateful for the many helpful discus-
sions with our colleagues in these organizations. The IRMP consortium work, and our work 
within it, has been supported by ARPA/CMO under contract MD A972-91-C-0046 moni-
tored by Raymond Balcerak. 
REFERENCES 
1. Handbook of Crystal Growth, Vol. I and II, ed. D. T. Hude, NorthHolland, New York, 
(1993). 
2. S. Sen, W.H. Konkel, S.J. Tighe, L.G. Bland, S.R. Sharma and R.E. Taylor, J. Cryst. 
Growth 86, 111-117 (1988). 
3. M. Azoulay, S. Rotter, G. Gafni and M. Roth, J. Cryst. Growth 116,515-517 (1992). 
4. S. Brandon and J.J. Derby, J. Cryst. Growth 110, 481-500 (1991). 
5. S. Kuppurao, J.J. Derby and S. Brandon, J. Cryst. Growth (accepted for publication). 
6. M. Saitou and A. Hirata, J. Cryst. Growth 118, 365-370 (1992). 
7. Y. Lu and H.N.G. Wadley, J. Acoust. Soc. Am. 98 (5}, 2663-2680 (1995). 
8. F.l. Fedorov, Theory of Elastic Waves, (Plenum, New York 1968). 
9. H.B. Keller, Numerical Methodsfor Two-Point Boundary Value Problems, (Blaisdell, 
Waltham, MA 1969). 
10. G.E. Forsythe, M.A. Maleolm and C.B. Moler, Computer Methodsfor Mathematical 
Computations, (Prentice-Hall, Englewood Cliff, NJ 1977). 
11. J.F. Greenleaf, S.A. Johnson, S.A. Samayoa and F.A. Duck, Acoust. Holography 5, 591-
603 (1974). 
12. W.H. Press, B.P. Flannery, S.A. Teukolsky and W.T. Vetterling, Numerical Recipes: The 
Art of Scientific Computing ( Fortran), (Cambridge University, New York, 1990). 
1429 
